Background: Genetic abnormalities in adult AML are caused most frequently by somatic mutations in exon 12 of the NPM1 gene, which is observed in approximately 35% of AML patients and up to 60% of patients with cytogenetically normal AML (CN-AML).
INTRODUCTION
Nucleophosmin (NPM) is a 294-amino acid phosphoprotein found at high levels in the granular regions of the nucleolus, and it is shuttled continuously between the nucleus and cytoplasm. This protein plays a key role in ribosome biogenesis, centrosome duplication, genomic stability, cell cycle progression, and apoptosis [1] . Depending on its dosage and level of expression, NPM is oncogenic or tumor-suppressing [2] .
Recently, mutations in exon 12 of the NPM1 gene have been identified as the underlying genetic lesions in a large, distinct subgroup of adult patients with AML. In 2005, Falini et al. reported that NPM1 mutations on exon 12 resulted in aberrant cytoplasmic localization of NPM (NPMc+) in leukemic blasts in approximately 35% of adults with AML [3] ; thus, NPM1 represents one of the most frequently mutated genes in AML [4] . Moreover, NPM1 gene mutations appear in approximately 60% of patients who present with cytogenetically normal AML (CN-AML) [3] , and mutation status is related to treatment responsiveness and prognosis [5] .
Wild-type NPM contains 2 nuclear export signal (NES) motifs, one within residues [94] [95] [96] [97] [98] [99] [100] [101] [102] and the other at the N terminus within amino acids 42-61 [6] . Wild-type NPM also contains a nucleolar localization signal (NLS) at its C terminus, which exports NPM from the cytoplasm to the nucleoplasm and finally to the nucleolus via its nucleolar-binding domains [7] . Although http://dx.doi.org/10.3343/alm.2013.33. 1.60 www.annlabmed.org the role of NPM1 mutation in leukemogenesis has not been elucidated completely, the majority of NPM1 exon 12 mutations encode mutant proteins that have both a novel NES motif inserted at the C terminus and a disrupted NLS due to mutated tryptophan residues 288 and 290 (or 290 alone) [8] [9] [10] . The most common mutation in NPMc+ patients is type A, which duplicates a TCTG tetranucleotide in the reference sequence at 956-959 and accounts for 75-80% of adult AML with NPM1 mutations [11] . Recently, several studies have suggested that non-A type NPM1 mutations may function as prognostic factors for poor clinical outcomes [11, 12] . Therefore, it may be important to identify and characterize NPM1 mutations at the nucleotide and amino acid levels. In this study, we present the mutational spectrum of the NPM1 gene in Korean AML patients, which was directly sequenced.
METHODS

Subjects
A total of 83 patients who were diagnosed with AML initially between October 2008 and September 2011 were included in the study. Their initial bone marrow or peripheral blood samples were collected for use in the study. Patients consisted of 49 men and 34 women; the median age was 56 yr (range, yr). Cytogenetic information was available for 47 patients, and the French-American-British (FAB) subtype was available for 39 of those patients (Table 1 ). The study protocol was approved by the institutional review board of our hospital.
Fragment analysis and direct sequencing
All 83 patient samples were subjected to fragment analysis and direct sequencing. Genomic DNA was extracted from bone marrow or peripheral blood using the PureGene DNA isolation kit (Gentra Systems, Minneapolis, MN, USA). The NPM1 mutations were screened by fragment analysis of exon 12 of the NPM1 gene. The DNA region of interest was amplified using the following primers: 5'-6FAM-GGCCATATGGGTCTCTGTTC-3' and 5'-AA-CACGGTAGGGAAAGTTCTCA-3'. To determine the fragment size, amplified fragments and the appropriate size standards were detected using an ABI PRISM 3730xl genetic analyzer (Applied Biosystems, Foster City, CA, USA).
Direct sequencing of exon 12 of the NPM1 gene was carried out by analysis of the amplified products by capillary electrophoresis using the ABI PRISM 3730xl genetic analyzer (Applied Biosystems). Sequencing reactions were prepared according to the manufacturer's instructions (ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction Kit; Applied Biosystems).
Statistical analysis
Mann-Whitney's U-test and Fisher's exact test were applied to determine the significance of the association between NPM1 mutations and other discrete variables among the patient sub- (Fig. 1) .
Patient 1 was a 70-yr-old man with fever, myalgia, cough, and sputum. The results of his initial complete blood cell count (CBC) were as follows: hemoglobin, 8 /L. His bone marrow was replaced by 84.2% blasts. Flow cytometric analyses indicated that the blasts were positive for MPO, CD13, CD33, CD34, CD45, and CD117. The patient was diagnosed with AML M2, and the karyotype in all 11 metaphase cells was 46,XY. He also achieved remission after treatment with re-induction chemotherapy.
We predicted that these 2 mutations would lead to the synthesis of truncated forms of amino acids p.Trp290Lysfs*9 and Abbreviations: NES, nuclear export signal; NLS, nucleolar localization signal. Among the 47 AML patients whose karyotypes were available, 28 exhibited normal karyotypes (CN-AML), and the remaining 19 were abnormal. The number of NPM1 mutations detected in CN-AML (12/28, 42.9%) were higher than that in AML patients with abnormal karyotypes (0/19, 0.0%; P < 0.001) ( Table 1) . With regard to FAB subtype of AML, NPM1 mutations were found more frequently in M2 (35.3%) and M5 (50.0%) than in the other subtypes of AML. Furthermore, older patients exhibited a higher incidence of NPM1 mutations (median age of patients with NPM1 versus without NPM1 mutation, 58 vs. 53 yr, P = 0.030). NPM1 mutations were found more frequently in female patients (26.5%) than in male patients (20.4%), but this difference was not significant (P = 0.599).
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DISCUSSION
This study demonstrates similar NPM1 mutation rates in a CN-AML group (42.9%) compared to previous studies in the Korean population (35.3-53.7%) [11] [12] [13] . However, the rate determined here is lower than that of a European population (61.7%) [3] . NPM1 mutations are detected more often in AML M5 [14] . Therefore, in the present study, the differences in the clinical make-up of the study population, including a relatively lower incidence of AML M5, may have influenced the observed mutation rate in CN-AML. Our study showed significantly higher numbers of NPM1 mutations in patients with normal karyotypes than that in patients with abnormal karyotypes (42.9 vs. 0.0%; P < 0.001). This finding supports previous results that showed mutations in exon 12 of the NPM1 gene are the underlying genetic lesion in a distinct and large subgroup and that these mutations play a critical role in leukemogenesis in adult CN-AML [15] . It is noteworthy that none of the patients with karyotype abnormalities presented with NPM1 mutations. The mutation rate in the abnormal karyotype group was lower than that reported in previous studies [16] [17] [18] [19] . In addition, our results suggest that an association exists between NPM1 mutation status and age at the time of diagnosis, which is consistent with a number of previous studies [14, 18, 19] .
While most NPM1 mutations (including mutations A and B) have the NES motif L-xxx-V-xx-V-x-L, 2 novel NPM1 mutations that were identified in this study have a rare NES motif L-xxx-Lxx-V-x-L [4, 8] . The common NES motif requires the loss of both tryptophan 288 and 290 to be transported out of the nucleus efficiently. However, these novel mutations show a tryptophan loss at codon 290 only. NPM mutant proteins that retained tryptophan 288 accounted for 31% of all mutants in AML patients, while tryptophan 290 was mutated in all the NPM1 mutations identified [9] . We infer that tryptophan 290 may be more critical to nucleolar localization; thus, a single mutation at tryptophan 290 may be sufficiently relevant to AML pathogenesis. NPM can be exported efficiently despite the retention of tryptophan 288, but it is uncertain whether the novel NES motif and the disruption of the NLS can affect disease progression or prognosis [7, 9, 20] .
Two recent studies suggested that a type A mutant impacted patient prognosis favorably [4, 21] . Another study showed that overall survival was shorter in non-A type mutants than that in patients with either no mutations or type A mutations of NPM1 [11] . Therefore, determination of the type of mutation in a patient may be relevant to predicting the prognosis. However, some available commercial kits or routine diagnostic methods designed to detect specific mutations (e.g., mutation A, B, or D) based on technologies like real-time PCR or fragment analysis may fail to identify other rare or novel NPM1 mutations.
In summary, we report 2 novel NPM1 mutations that were identified in AML patients. Although the prognostic implications of these novel mutations require further investigation, the present study suggests that novel NPM1 mutations may not be so rare. Supplementary sequence analysis and conventional targeted mutational analysis are required to detect non-A types of NPM1 mutations.
